Ferricyanide anion has usually been used as a marker of ion-channel sensors. In this work we first found that ferricyanide, itself, can act as a stimulus to regulate the permeability of sBLM prepared from didodecyldimethylammonium bromide (a kind of synthetic lipid) on a GC electrode. We used cyclic voltammetry and a.c. impedance to investigate this phenomenon. The interaction between sBLM and ferricyanide concerns time. Furthermore, we developed a sensor for ferricyanide anion. The ion-channel sensor is highly sensitive. It can detect ferricyanide concentration as low as 5 µM.
Introduction
The analyte-triggered open/close switching of the membrane permeability would be one of the most promising approaches toward highly sensitive and selective sensing membranes, because it could lead to a chemical amplification of the analyte concentration. The principle of ion-channel sensors was first reported in 1987 by Umezawa and co-workers. 1 It is to mimic biomembranes containing ion-channel proteins. Such proteins can selectively bind ligands to open their usually closed ion channels and allow a large amount of ions or molecules to pass biomembranes. Similarly, analyte (usually called stimulus) binding to receptor membranes can control the access of electroactive species (often referred to as markers). Through the electrochemical response of a marker we can determine the concentration of the stimulus. Many studies based on this principle have been reported by Umezawa et al. Valinomycin imbedded in membranes can act as a receptor molecule for K + . 1, 2 The other receptor molecules that can form sensing membranes contain, cyclodextrin, 3, 4 DNA, 5 poly(L-glutamic acid), 6, 7 lipophilic derivatives of macrocyclic polyamine, 3 thiolcontaining dialkyl phosphate, 8 a hydrogen bond-forming bis(thiourea) compound, 9 glutathione, 10 peptide nucleic acid (PNA), 11 lipid, 1,12-14 etc. The receptor membranes include a Langmuir-Blodgett membrane, 1-4 a self-assembled membrane 5, 8, 10, 11 and a cast membrane. 6, 7 Because the biomembranes are too complex, there has been extensive interest in employing simple models of biomembranes to mimic biological cell membranes, including liposomes, bilayer lipid membranes (BLMs), supported bilayer lipid membranes, and so on. Among them, sBLMs have been proved to be very useful because they are easy to prepare and have good stability. In fact, lipid itself is a good receptor for some inorganic ions. [12] [13] [14] In this work we first found that ferricyanide can react with a kind of synthetic lipid-didodecyldimethylammonium bromide.
We made this kind of lipid form a bilayer on a polarized glassy carbon electrode, and used this sBLM to sense ferricyanide. Ru(bpy)3 2+ acted as a marker ion. We used cyclic voltammetry and a.c. impedance spectroscopy to study this kind of interaction, and found that the interaction changes with time.
Experimental

Materials
Didodecyldimethylammonium bromide and tris(2,2′-bipyridine)ruthenium(II) chloride were purchased from Acros (Belgium) and used without further purification. Analyticalgrade potassium ferricyanide was purchased from Beijing Chemical Reagent Factory (Beijing, China). All other reagents were of analytical grade. Pure water was used throughout, obtained by means of a Millipore Q water purification set.
Electrochemical measurements
Cyclic voltammetry and impedance spectroscopy were performed with an Autolab PGSTAT 30 (EcoChemie, Utrecht, The Netherlands). Impedance spectroscopic experiments were conducted in the frequency range from 10 kHz to 0.1 Hz and with a signal amplitude of 10 mV. All experiments were carried out with a three-electrode system consisting of an Ag/AgCl reference electrode, platinum coils as an auxiliary electrode, and a GC electrode as a working electrode.
Method for supported bilayer lipid membrane formation
Didodecyldimethylammonium bromide was dissolved in chloroform to give a final concentration of 2.5 mg ml -1 , which was called a BLM-forming solution. A supported bilayer lipid membrane was prepared as follows. Prior to sBLM formation, a glassy carbon electrode was polished with 1.0, 0.3, and 0.05 µm alumina slurry, respectively, and then sonicated for 1 min in deionized water. Then, the GC electrode was immersed in a 0.1 M KOH solution, and the potential was held at 1.5 V for 3 min in order to polarize the electrode. After polarization, the GC 
Results and Discussion
Schematic for ion-channel sensing of ferricyanide
A schematic of the ion-channel sensing of ferricyanide is shown in Fig. 1 . Before interacting with ferricyanide anions, sBLM is compact; furthermore, because the out-layer of the lipid bilayer is positively charged, the marker ions, Ru(bpy)3 2+ (represented by circles in Fig. 1 ), can not access the electrode (see Fig. 1a ). After ferricyanide (stimulus) formed a complex with lipid, some pore (similar to ion channel) was opened, and thus the marker could reach the surface of the glassy carbon electrode (see Fig. 1b ). By it we can detect the ferrycianide anion in a low concentration.
Validation of forming a lipid bilayer on the surface of glassy carbon
We obtained the impedance spectroscopy of a GC electrode before ( Fig. 2a) and after (Fig. 2b , curve I) being modified with a lipid membrane by using Ru(bpy)3 2+ as marker ions at its formal potential (1.10 V versus Ag/AgCl) in a solution without Fe(CN)6 3-. It is presented as Nyquist plots (Zim vs. Zre). In order to obtain the thickness of the lipid membrane, a Randle's equivalent circuit (the inset in Fig. 2b ) was chosen to fit the data. The circuit is a network composed of resistance and capacitance. It is a theory abstraction of an interfacial system. Its elements can be attributed to the electrolyte, defects, membrane and electrode. The total impedance contains a double-layer capacitance (Cdl), charge-transfer resistance (Rct), Warburg element (Zw) and electrolyte resistance (Rsol).
The double-layer capacitance (Cdl) consists of an unmodified glassy carbon-electrode capacitance (CGC) and lipid-membrane capacitance (Cm). Their relation can be expressed by Eq. (1): 15, 16 = + .
From which we can calculate the value of Cm, 0.916 µF cm -2 .
The thickness of the lipid membrane is calculated according to
where ε0 is the permittivity of free space (ε0 = 8.85 × 10 -14 F cm -1 ), and κ is the dielectric constant of the lipid (κ = 2.05 17 ). We thus obtain the result that d is 1.98 nm, which coincides with the thickness of the didodecyldimethylammonium bromide bilayer being 1.93 nm, as reported by Einaga et al. 18 We therefore consider that the lipid membrane on a glassy carbon is assuredly a bilayer membrane.
Interaction between ferricyanide anion and sBLM Cyclic voltammetry.
The formation of a bilayer is important for sensing ferricyanide anion. When the GC electrode modified with a bilayer lipid membrane was inserted in a solution containing 0.5 mM Ru(bpy)3Cl2 and 10 mM NaCl, the cyclic voltammogram was recorded as shown in Fig. 3a . It shows a typical cyclic voltammogram of only the capacitor's charging and discharging, which features a solid substrate-
supported bilayer lipid membrane. Compared to Fig. 3a with a bare GC elelctrode for the electrochemical behavior in a Ru(bpy)3 2+ solution (Fig. 3d) , we can conclude that Ru(bpy)3 2+ as a marker ion is not allowed to penetrate sBLM. It results for two reasons. One is that the sBLM is compact and almost free of pinholes; the other is the electrostatic repulsion between positively charged sBLM and a positively charged marker (ruthenium(II) complex cation). After adding 40 µM Fe(CN)6 3-, the cyclic voltammetric response of the ruthenium(II) complex cation was recorded as shown in Fig. 3b. A pair of distinct current peaks emerge due to the marker cations reaching the 1172 ANALYTICAL SCIENCES OCTOBER 2001, VOL. 17 surface of the GC electrode, which results from two possible reasons: one is that the pores of the supported bilayer lipid membrane are formed by lipid reacting with the ferricyanide anion (seen Fig. 1b) ; the other is due to the desorption of lipid from the surface of the GC electrode. In order to make the reason clear, we transferred the electrode from a solution with 40 µM Fe(CN)6 3-into a solution without Fe(CN)6 3-. The cyclic voltammetric response of ruthenium(II) complex cations was recorded as shown in Fig. 3c . It is almost the same as in Fig. 3a , which implies that the supported bilayer lipid membrane was still on the surface of the GC electrode. Certainly, the complex of lipid and ferricyanide made the decrease of the positive charge density, which could also facilitate Ru(bpy)3 2+ to reach the surface of the electrode. The feature that Fe(CN)6 3-which reacted with lipid can desorb from sBLM allows the ion channel sensor to be used repeatedly. From Fig. 3e we can conclude that ferricyanide, itself, can not permeate through the sBLM, because redox peaks do not exist in the range from 0 to 600 mV when the sBLM-coated electrode was scanned in the 40 µM ferricyanide solution without ruthenium(II) complex cations. A.c. impedance spectroscopy. Figure 2b shows the impedance spectrum in a Nyquist presentation obtained at a sBLM-modified electrode in a 0.5 mM Ru(bpy)3 2+ solution with 10 mM NaCl as the supporting electrolyte. The data were collected at 1.10 V versus Ag/AgCl (the formal potential for the Ru(III/II) reaction) in both the absence and presence of 40 µM Fe(CN)6 3-, and are presented in curve I and curve II of Fig. 2b , respectively. Compared with curve I, curve II shows a more obvious semicircle at high frequencies and a significant diffusion component at low frequencies, which indicates inefficient blocking to charge transfer; namely, some pores are formed by the interaction between lipid and Fe(CN)6 3-in sBLM.
Effect of time on the interaction between ferricyanide and sBLM
Few of papers about an ion-channel sensor have been concerned with the time effect. In this paper we found that the peak current was affected by time. We chose 67 µM ferricyanide anion to study the effect of time on the ion channel of sBLM, which is shown in Fig. 4 . From that we can see that the whole process from the start of the reaction between ferricanide anion and lipid to equilibrium requires 5 min. With increasing time, the opened pores increased, leading to an increase in the peak current of the ruthenium(II) complex cations.
The equilibrium time is different with the concentration of ferricyanide. The lower is the concentration, the more time is required to reach equilibrium.
Cyclic voltammetry sensing of ferricyanide anion.
The effect of the ferricyanide anion concentration on the peak currents of ruthenium(II) complex cations is shown in Fig. 5 . Each peak current was obtained after an interaction between ferricyanide and lipid reaching equilibrium. From Fig. 5 we can see that the 1173 ANALYTICAL SCIENCES OCTOBER 2001, VOL. 17 peak currents of the ruthenium(II) complex cations increase from 5 µM to 67 µM and reach a plateau above 67 µM. Clearly, with increasing the concentration of ferricyanide anion, the number of pores of sBLM increases, so the amount of ruthenium(II) complex cations which reach the surface of electrode is more and more a result of the increase in the peak current. However, because there are limited lipid molecules on the surface of the GC electrode, the interaction site between the ferricyanide anion and lipid is limited. When the interaction sites are all occupied, the peak current does not change. If the surface area of the electrode is bigger, there are more interaction sites. Thus, the detection range would be enhanced.
A.c. impedance spectroscopy sensing of ferricyanide anion.
We obtained Fig. 6 by using Randle's equivalent circuit (the inset in Fig. 2b ) to fit the data obtained at different concentrations. From 5 µM to 67 µM there exists a good linear relation between Rct and the concentration of Fe(CN)6 3- . Above 67 µM the electrode-coated bilayer lipid membrane loses sensing ability to Fe(CN)6 3-. The results obtained from a.c. impedance spectroscopy are consistent with those obtained from cyclic voltammetry.
Selectivity
We did not find a similar interaction in the presence of C2O4 2-, SO4 2-, NO3 -and B4O7 2-at concentrations of up to 2 mM. Thus, the interaction between ferricyanide anions and lipid quaternary ammonium cations deposited on GC can be regarded as being specific, if we exclude perchlorate ions, which were found to exert an analogous effect, 14 albeit at higher concentrations.
Conclusion
We demonstrated the use of an ion-channel sensor for the detection of ferricyanide anion using a bilayer lipid membrane on a GC electrode. This sensor has several merits: easy to prepare, repeated use and low detection limit. By using two methods, CV and a.c. impedance spectroscopy, we obtained the same detection range (from 5 µM to 67 µM). A further investigation will be carried out on how to use sBLM to sense other ions using the ion-channel principle.
